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ABSTRACT Electrophoresis of amixture of NaCl andCaCl2 in a lysozyme crystal is investigated using nonequilibriummolecular
dynamics (MD) simulations. Upon exposure to an electric ﬁeld, the stability of lysozyme is found to decrease slightly. This ﬁnding is
demonstrated by increases in the root mean-square deviations of the heavy atoms of lysozyme, in the solvent-accessible surface
area of hydrophobic residues, and in the number of hydrogen bonds between lysozyme andwater. The solvent-accessible surface
area of hydrophilic residues changes marginally, and the number of hydrogen bonds between lysozyme molecules decreases.
Water molecules tend to align preferentially parallel to the electric ﬁeld, and the dipole moment along the pore axis increases
linearly with increasing ﬁeld strength. Two pronounced layered structures are observed for Na1 and Ca21 in the vicinity of protein
surface, but only one enriched layer is observed for Cl. The number distributions of all ions are nearly independent of the electric
ﬁeld. The water coordination numbers of all ions are smaller in the crystal than in aqueous bulk solution; however, the reverse is
found for the Cl coordination numbers of cations. Both the water and the Cl coordination numbers are insensitive to the electric
ﬁeld. Ion diffusivities in the crystal are;2 orders of magnitude smaller than those in aqueous bulk solution. The drift velocities of
ions increase proportionally to the electric ﬁeld, particularly at high strengths, and depend on ionic charge and coordination with
oppositely charged ions. Electrical current exhibits a linear relationship with the ﬁeld strength. The zero-ﬁeld electrical conductivity
is estimated to be 0.56 S/m, which is very close to 0.61 S/m as predicted by the Nernst-Einstein equation.
INTRODUCTION
Electrophoresis refers to the transport or migration of ions
under the inﬂuence of an electric ﬁeld and is of central im-
portance in separation, sensing, biology, etc. For instance,
capillary electrophoresis is a commonly used method for the
puriﬁcation of ionic species in buffer-ﬁlled narrow capillaries
that are 25–100 mm in diameter (1). A recent study showed
that DNA adsorbed on a nanopatterned surface had a length-
dependent mobility under an electric ﬁeld and thus was sep-
arated. This ﬁnding enabled a new method for the rational
design of nanodevices using surface-directed separation (2).
In cell membranes, there is an instantaneous electric ﬁeld be-
tween intra- and extracellular environments that drives ions and
pharmaceutical molecules across membranes in many bio-
processes (3). As a consequence, a better understanding of
electrophoresis in conﬁned space is of central importance to the
development of new approaches to engineering controllable
nanoﬂuidic channels and toﬁne-tuning lap-on-a-chipdevices and
biologically signiﬁcant electrical signaling in nervous systems.
For decades, the Poisson-Nernst-Planck (PNP) model has
been used to describe electrophoresis (4). The mean ﬁeld-
based PNP model provides a classical continuum framework,
but it does not incorporate molecular level details and corre-
lations. As a result, the PNPmodel cannot be used to examine
the complexity of electrophoresis, particularly at the molec-
ular scale, because the conﬁned channel is in the nanodomain,
the surface/volume ratio is large, and the interfacial effect
dominates. Alternatively, molecular simulations with their
ever-growing computational power have been increasingly
used because of their ability to provide microscopic insights
that are otherwise experimentally inaccessible or difﬁcult to
obtain. Tang et al. (5,6) conducted molecular dynamics (MD)
simulations to investigate the effects of conﬁnement on the
structural and transport properties of 0.5MKCl in cylindrical
nanopores of radii 4.75–15.8 A˚. Their results demonstrated
that a decrease in the hydration of ions and hydrogen bonding
of water occurs as pore radius decreases and that the external
electric ﬁeld has a strong inﬂuence on the orientation of water
molecules. Dzubiella et al. (7,8) reported results of an MD
simulation study on electric ﬁeld-controlled water permeation
coupled to ion transport through a hydrophobic nanopore.
Their results suggested that an ionic charge imbalance across
the nanopore induces water permeation and thus ionic per-
meability. Murad et al. (9,10) used MD simulations to study
the separation of supercritical aqueous electrolyte solutions in
thin zeolite membranes. They found the important role of the
electric ﬁeld in enhancing the separation rate and demon-
strated the serious risk of applying macroscopic hydrody-
namics to nanoscale systems. Hwang et al. (11,12) developed
a kinetic lattice grand canonical Monte Carlo simulation
method for a model ion channel system. Their results showed
that simulated ion currents, electrostatic potentials, and ion
concentrations agree well with the PNP predictions if the
channel has the same dielectric constant as water; however,
there is considerable difference if the channel has a lower
dielectric constant and so the reaction ﬁeld effect is missing in
PNP theory (11,12).
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The electric ﬁeld may enhance conductivity and perme-
ability of molecules in biomembranes. This enhancement can
trigger drug delivery across cell membranes (electroporation)
and be used for cancer treatment and gene therapy (13). How-
ever, understanding the fundamental mechanism of transport
in biomembranes is difﬁcult on a microscopic scale due to
the unknown atomic structures of many membrane proteins,
which are not easily crystallized. Recently, it has been rec-
ognized that protein crystals can serve as a remarkable bench-
mark for biomembranes because of the biological similarity
between the pores in protein crystals and the channels in bio-
membranes; also, importantly, the structures of a large number
of proteins are readily available (14). Therefore, the study of
ﬂuid behavior in protein crystals under an electric ﬁeld is sig-
niﬁcant, because it can provide insight into the less easily ob-
served behavior in biomembranes. With high porosities, large
surface areas, a wide range of pore sizes, and unique chiral
environments, protein crystals have also emerged as new sep-
aration media for chemically or optically different molecules
through size exclusion or chiral discrimination (15). Water
and ions are ubiquitously involved in separation processes,
and a better understanding of their behavior from a molecular
level is of central importance for the rational design of high-
performance bioseparation technologies.
Previously, we reported an equilibrium MD (EMD) simu-
lation study to investigate the spatial and temporal properties
of ions and water in three protein crystals with different
morphologies and topologies. Themobility in the crystals was
found to be anisotropic preferentially along the pore axis and
to be enhanced with increasing porosity (16). In this work,
nonequilibrium MD (NEMD) simulations were performed to
explore electrophoresis in a lysozyme crystal under the
electric ﬁeld. TheNEMDmethodwas ﬁrst proposed by Evans
andMorris (17) and later applied to bulk electrolytes (18).We
chose lysozyme as a model protein because it is readily
available and has a well-known structure. Lysozyme func-
tions to kill bacteria and is commonly regarded as the body’s
own antibiotic. An electrolyte mixture of NaCl and CaCl2 is
thought to represent a general buffer solution. In addition to
the static and transport properties of Na1, Ca21, and Cl ions,
we examined the orientation of water molecules and the sta-
bility of lysozyme molecules under the electric ﬁeld. Water
plays a critical role in the structure, dynamics, and function-
ality of proteins; a clear understanding of conﬁned water in
protein crystal is of fundamental interest. It is also intriguing
to study the stability and the structural change of protein under
the electric ﬁeld, which have rarely been examined. This is an
important topic because an increasingly greater number of
electrical devices are used around us daily.
MODEL AND METHOD
Lysozyme can exist in different crystalline forms, namely, tetragonal, or-
thorhombic, monoclinic and triclinic (19). In this work, tetragonal lysozyme
(Protein Data Bank ID: 1HEL) is considered with a P43212 space group (20).
The lattice constants are a ¼ 7.91 nm, b ¼ 7.91 nm, and c ¼ 3.79 nm. Fig. 1
shows a unit cell of tetragonal lysozyme crystal on the xyplane. The secondary
structures (a-helices, b-sheets, and random coils) are indicated in Fig. 1 a.
The formation of the secondary structures in protein molecules is attributed
to the relatively stronger hydrogen bonding; consequently, the residues
forming the secondary structures exhibit less mobility (16). Fig. 1 b shows the
surface representations of the hydrophobic and hydrophilic resides. In the
crystal, biological nanopores are periodically distributed with different sizes
and shapes and are interconnected. Among them are twomajor pores in a unit
cell; one is at the center and the other at the corner, which is shown clearly in
Fig. 1. The major pore is approximately cylindrical along the z axis with a
slight zigzag, and the radius is in the range of 0.6–0.7 nm (16).
The simulation box contained two unit cells with a size of 7.913 7.913
7.58 nm3.At the physiological condition (pH 7), Arg andLys residueswere
protonated, whereas Asp and Glu residues were deprotonated based on the
experimental pKa (21). As a consequence, each lysozyme molecule carried
eight positive unit charges. Water molecules were added to mimic a fully
hydrated crystal and three types of ions (Cl, Na1, andCa21)were introduced
randomly while the system was kept neutral. Finally, the simulation box
consisted of 16 lysozyme molecules, 5270 water molecules, 557 Cl ions
(1.95 M), 143 Na1 ions (0.50 M), and 143 Ca21 ions (0.50 M). The
GROMOS96 united-atom force ﬁeldwas adopted for lysozyme and ions (22).
Water was mimicked by the simple point charge model (23). The pairwise
nonbonded interactions consisted of Lennard-Jones (LJ) and Coulombic
potentials. Table 1 provides the LJ parameters and charges of the three ions
and water atoms. The periodic boundary conditions were exerted in all three
dimensions to mimic an inﬁnitely large crystal structure. A cutoff of 1.4 nm
was used to evaluate the LJ interactions. The long-range electrostatic inter-
actions were evaluated using the particle-mesh Ewald method with a grid
spacing of 0.12 nm and the fourth-order interpolation. The bond lengths with
dangling hydrogen atoms in lysozyme molecules were constrained using
the LINCS algorithm, whereas H2O geometry was constrained using the
SETTLE algorithm.
Simulations were performed with the GROMACS v.3.3.1 package be-
cause it is extremely fast and particularly well-suited for biomolecular sys-
tems (24). The system was initially subject to energy minimization using the
steepest descent method with a maximum step size of 0.01 nm and a force
tolerance of 10 kJ mol1 nm1. Then velocities were assigned according to
the Maxwell-Boltzmann distribution at 300 K, followed by a 2 ns MD
simulation. Drift velocities were tracked by an NEMD simulation to ensure
the system reached a steady state. In the absence of an electric ﬁeld, an EMD
simulation was run, with energy monitored to ensure the system reached
equilibrium. Finally, 10 ns MD simulations were conducted for production.
MD simulations were performed in a canonical ensemble (NVT) at 300 K
using the Berendsen thermostat with a relaxation time of 0.1 ps. An inte-
gration time step of 2 fs was used, and trajectories were saved every 1 ps.
For the NEMD simulation in this study, a uniform electric ﬁeld was ex-
erted along the nanopore axis (the z direction) ranging fromEz¼ 0.1, 0.2, 0.3,
to 0.4 V/nm. It should be noted that the electric ﬁeld strength adopted in this
study is typically 1 to 2 orders of magnitude stronger than that across cell
membranes or used experimentally (25,26). Such a strong electric ﬁeld is
commonly used in molecular simulation to reduce the impact of thermal noise
and therefore to enhance the signal/noise ratio within a nanosecond timescale
(7). Furthermore, it is a delicate matter to maintain the temperature in NEMD
simulations, because the ohmic heat generated by ion ﬂux under the electric
ﬁeld must be removed (27). To calculate the temperature in NEMD runs, the
ion velocities along the direction of the electric ﬁeld were subtracted. In our
NEMD simulation, it was observed that the system temperature was kept at
;300 K with an acceptable small ﬂuctuation of ;1.1 K.
RESULTS AND DISCUSSION
We ﬁrst present the effect of the electric ﬁeld on protein sta-
bility by calculating the root mean-square deviation (RMSD),
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the solvent-accessible surface area (SASA), and the number
of hydrogen bonds. Then, the structural properties of water
and ions are studied, including the dipole moment of water
and the number distributions of ions from the protein surface.
After these properties are discussed, ion mobility is examined
in both crystalline and solution environments, along with the
drift velocities of ions, protein, and water. Finally, the elec-
trical conductivity is estimated by extrapolating the current to
zero-ﬁeld limit and comparing it with the prediction from the
classical Nernst-Einstein equation.
Protein stability
The stability of protein molecules exposed to an electric ﬁeld
is of importance from a practical point of view. It has been
reported that cell membranes exposed to a strong electric ﬁeld
will deform, lose part of surface, or even disintegrate (13). In
crystals, lysozyme molecules are constrained at the lattice
sites via noncovalent van der Waals and electrostatic inter-
actions and by intermolecular hydrogen bonds. Under the
electric ﬁeld Ez, the positions of lysozyme molecules are
shifted to some extent. Fig. 2 a shows the averaged RMSDs
of lysozyme heavy atoms from the initial crystallographic
structure as a function of Ez. The RMSDs increase mono-
tonically with Ez from 0.35 to 0.57 nm upon increasing Ez
from 0 to 0.4 V/nm. This ﬁnding indicates that the stability of
a protein crystal is decreased under the electric ﬁeld and could
cause protein denaturation or damage in the biological func-
tions of protein active sites. Nevertheless, as mentioned
above, the electric ﬁeld used in this study is about one to two
orders of magnitude stronger than normally used in experi-
ments to reduce the impact of thermal noise. In reality, the
effect of the electric ﬁeld is substantially less, and protein
molecules can maintain their stability fairly well.
As shown in Fig. 2 b, the hydrophobic SASA increases
with Ez and appears to approach a constant at high Ez values,
whereas the hydrophilic SASA is essentially independent
of Ez. It is recognized that the hydrophobic interaction is one
of the major factors involved in protein stabilization (28).
Without the electric ﬁeld applied, the side chains of hy-
drophobic amino acids are primarily buried inside protein
molecules and thus largely inaccessible to solvent. Upon
exposure to an external electric ﬁeld, however, the protein-
solvent interface is distorted, and some buried hydrophobic
residues become accessible to solvent resulting in a larger
SASA. Our results are consistent with an earlier report (29)
that suggests protein destabilization in solution is associated
with an increase in SASA. Fig. 2 c shows the effect of Ez on
the numbers of hydrogen bonds between lysozyme mole-
cules and between lysozyme and water molecules, respec-
tively. The intra- and intermolecular hydrogen bonding is a
key factor necessary to stabilize a protein crystal. As shown,
the external Ez leads to a decrease in the number of hydrogen
bonds between lysozyme molecules; in contrast, an increase
between lysozyme and water molecules is observed.
Lysozyme consists of several stable structural domains
(for example, a-helices and b-sheets), and its stability is well
maintained by the intramolecular hydrogen bonds and four
disulﬁde bonds (20,30). The impact of the electric ﬁeld is
further demonstrated by the evolution of lysozyme structures
as shown in Fig. 3. In general, the secondary structures in-
cluding a-helices and b-sheets are well maintained from Ez =
0 to Ez¼ 0.4 V/nm despite some variations. For example, the
number of residues (5th to 17th and 25th to 35th residues)
forming two a-helices decreases as the electric ﬁeld in-
creases, implying the partial loss of the secondary structures.
Under a strong electric ﬁeld, a handful of the secondary
structures are shifted, and the protein is rearranged somewhat
to adopt a favorable conformation.
FIGURE 1 A unit cell of tetragonal lysozyme crystal
on the xy plane. (a) Secondary structures: a-helices (red),
b-sheets (cyan), and random coils (gray). (b) Surface rep-
resentations of the hydrophobic (red) and hydrophilic (blue)
residues.
TABLE 1 LJ potential parameters and charges
e (kJ/mol) s (nm) q (e)
Ca21 0.507 0.281 12
Na1 0.062 0.258 11
Cl 0.446 0.445 1
OW 0.650 0.317 0.82
HW 0 0 10.41
OW and HW denote the oxygen and hydrogen atoms in the water molecule,
respectively.
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Two important factors, cross-linking and polarizable
charges, were not included in our simulations. Protein crys-
tals are usually cross-linked among each other to enhance the
thermal and mechanical stability. The inclusion of cross-
linking could practically improve protein stability even at a
high electric ﬁeld. The charges in the GROMOS96 force
ﬁelds for protein are ﬁxed and not allowed to change.
However, the charges could be polarized and vary with the
electric ﬁeld. In future studies, these factors should be taken
into account.
Structures of water and ions
Water is a highly polar molecule, and its behavior could be
signiﬁcantly altered upon exposure to an electric ﬁeld. Re-
cently, Cramer et al. (31) carried out an MD simulation for
water adsorbed on a polar surface under an external electric
ﬁeld; their results showed the sudden formation of a water
pillar above a threshold ﬁeld of 1.2 V/nm as a result of the
competition between orientational conﬁnement and electric
ﬁeld. In our study, we examined the orientation of the dipole
moment of water in the lysozyme crystal. Fig. 4 a shows the
probability distribution function P(u) as a function of angle
u between the dipole moment of water and the z axis. The
dipole moment of water is deﬁned by the vector formed
from the oxygen atom (OW) to the middle point of two
hydrogen atoms (HW) as illustrated in Fig. 4, inset. The
probability distribution function P(u) was calculated as fol-
lows (5):
PðuÞ ¼ ÆdNðuÞæ
sinu
(1)
and then normalized by +PðuÞ in which ÆdNðuÞæ is the
ensemble averaged number of water molecules within an
angle ranging from u du to u1 du (du ¼ 0.5 in our cal-
culation).
FIGURE 3 Evolution of lysozyme
structures as a function of time at three
electric ﬁelds: Ez ¼ 0, 0.2, and 0.4 V/nm,
respectively.
FIGURE 2 (a) Averaged RMSDs of lysozyme heavy atoms from the initial crystallographic structure. (b) SASAs of hydrophobic and hydrophilic residues.
(c) Number of hydrogen bonds between lysozyme molecules; the inset shows the number of hydrogen bonds between lysozyme and water molecules.
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At Ez ¼ 0 (as derived from the EMD simulation), the di-
pole moment shows an equally probabilistic distribution at
any u over the range 0–180. That is, water molecules exhibit
a disordered orientation in the complex environment of the
lysozyme crystal in which the distribution of nanopores is
highly heterogeneous. Upon increasing Ez, P(u) starts to
exhibit a sigmoid shape with a larger probability at u between
0 and 90. This ﬁnding implies that the dipole moment tends
to orient preferentially along the z axis under the electric ﬁeld,
and the preference becomes more distinct with increasing
ﬁeld strength. A quantitative estimation of the orientation
was characterized by calculating the dipole moment direc-
tional to the z axis (mz). As shown in Fig. 4 b, mz increases
with the electric ﬁeld strength approximately in a linear
fashion. The largest mz (at Ez ¼ 0.4 V/nm) is ;25% of the
dipole moment of simple point charge water molecule (2.27
Debye) (23). The preferred orientation of polar molecules
under an electric ﬁeld may inﬂuence the permeation process
through protein crystals or biomembranes (32); therefore, the
electric ﬁeld could be used for tuning transport rates.
The binding of a speciﬁc ion, also called a cofactor, is
essential for the functionality of highly selective catalytic
enzymes. It is instructive to examine ion distributions around
the protein surface. We calculated the number distributions
NnðrÞ of Cl, Na1, and Ca21 ions separately as a function of
the distance r from the nearest lysozyme atom as follows:
NnðrÞ ¼ ÆdNðrÞæ
Nt dr
; (2)
where ÆdNðrÞæ is the ensemble averaged number of ions in a
layer with thickness of dr (dr ¼ 0.01 nm in our calculation),
and Nt is the total number of ions of each type. The van der
Waals radii of protein atoms were taken into account. Note
that we did not calculate the density distributions because the
volume proﬁle away from the protein surface is difﬁcult to
quantify with highly irregular pores or cavities in the crystal
structure.
Fig. 5 shows the number distributions at two cases, Ez¼ 0
and 0.4 V/nm. The distributions of all ions are apparently
independent of the electric ﬁeld. Although Cl exhibits only
one pronounced peak at r ¼ 0.19 nm, Ca21 has two peaks at
r¼ 0.12 and 0.31 nm; Na1 also has two peaks at r¼ 0.10 and
0.27 nm. The atomic radii of Ca21, Na1, and Cl are 0.14,
0.13, and 0.23 nm, respectively (see Table 1), slightly greater
than the positions of the ﬁrst peaks for the three ions. This
ﬁnding indicates that some ions of each type are closely bound
to lysozyme as a result of the electrostatic interactionswith the
oppositely charged residues in lysozyme. In particular, the
ﬁrst peak of Cl (11.4) is much greater than those of Ca21
(3.7) and Na1 (2.3), because lysozyme is overwhelmingly
positively charged and has a signiﬁcantly stronger afﬁnity to
Cl. As a rough estimate based on the number distribution
proﬁle,;10%Ca21 orNa1 cations are locatedwithin the ﬁrst
layer, much less than the percentage of Cl. Both Ca21 and
Na1 exhibit the second peaks, which are much greater than
the ﬁrst peaks and attributed primarily to their interactions
with water molecules. Water forms a hydration layer with a
thickness of;0.3 nm around the protein surface, and there is a
minimum in its local density proﬁle at r 0.3 nm. Therefore,
Ca21 and Na1 ions can readily intercalate into this less-
packed region and show the second peaks at r  0.3 nm.
Nevertheless, Cl has a greater radius compared with Ca21
and Na1 and thus is largely prohibited from accessing this
region. Similar behavior was observed in previous studies of
electrolytes in nanopores (33–35).
Fig. 6 shows the water coordination numbers (also called
hydration numbers) of three ions and the Cl coordination
numbers of Ca21 and Na1 cations as a function of the electric
FIGURE 4 (a) Probability distribution function
of angle u between the dipole moment of water and
the z axis. (b) Dipole moment of water along the
z axis as a function of the electric ﬁeld.
FIGURE 5 Number distributions of ions as a function of the distance from
protein surface at Ez ¼ 0 (solid lines) and Ez ¼ 0.4 V/nm (dashed lines),
respectively.
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ﬁeld strength. The coordination numbers were estimated by
integrating the radial distribution function up to the ﬁrst
minimum position, as indicated in Fig. 6. Both water and Cl
coordination numbers of ions change marginally with the
electric ﬁeld. This observation is also true for the radial dis-
tribution functions between any two species (data not shown),
which are nearly independent of the electric ﬁeld. These
structural properties are essentially the static not dynamic
characteristics of the system; thus, they are highly conserved
even at a strong electric ﬁeld. The hydration number of ion is
relevant to ionic charge and interaction with water. The bi-
valent Ca21 strongly interacts with water molecules via the
electrostatic and van der Waals interactions; it also has the
largest hydration number, whereas Na1 has the smallest.
These ﬁndings are also observed for an ion mixture (0.50 M
Ca21, 0.50 M Na1, and 1.50 M Cl) in an aqueous bulk
solution, as shown in Table 2, but with larger hydration
numbers for all ions. Whereas Cl can interact with Ca21
more strongly than with Na1, the Cl coordination number of
Na1 (2.3) is almost twice that of Ca21 (1.2), although this
ﬁnding seems counterintuitive. Compared to the case in
aqueous bulk solution, the Cl coordination number is in-
creased in the crystal, particularly for Ca21. Water and Cl
interact with Ca21 andNa1 in a competitive way, and so there
is a counterbalance between water and Cl coordination
numbers. The number of water molecules in the system is
overwhelmingly greater than that of Cl. Consequently, Ca21
is strongly hydrated by water rather than by Cl and so has a
weaker interaction with Cl compared to the less-hydrated
Na1. Overall, the hydrated Na1 has a larger Cl coordina-
tion number than the hydrated Ca21.
Ion mobility
In the absence of an electric ﬁeld, ion mobility along the pore
axis was examined by calculating the ensemble averaged
mean-square displacement (MSDz) as follows:
MSDz ðtÞ ¼

1
N
+
N
i¼1
jDziðtÞj2

; (3)
where t denotes time, N is the number of target particles, and
DziðtÞ is the displacement of molecule i from its initial
location in the z axis. The multiple origin method was used to
improve the statistical accuracy. Subsequently, the self-dif-
fusivity in the z axis was calculated using the Einstein relation
as follows:
Dz ¼ 1
2
lim
t/N
MSDzðtÞ
t
: (4)
Fig. 7 shows the MSDs of the three ions from the EMD sim-
ulation. The estimated diffusivities indicated in the parentheses
are as follows: 0.018 3 109 m2/s for Ca21, 0.037 3 109
m2/s for Na1, and 0.056 3 109 m2/s for Cl, which are 2
orders of magnitude smaller compared to the diffusivities in
aqueous bulk solution (Table 2). Such a dramatic reduction
in the mobility of ions in the lysozyme crystal is attributed to
the interaction and steric obstacle of the lysozyme molecules.
Under the electric ﬁeld, ions are driven to migrate to the
nanopore of the lysozyme crystal. At the steady state, each
type of ion moves at a constant velocity, referred to as drift or
streaming velocity. Fig. 8 shows the effect of the electric ﬁeld
on the drift velocities of the three ions, water, and lysozyme,
respectively. The drift velocity was computed by tracking the
centers of mass over time. It is known that solvent canmigrate
in terms of the electroosmotic ﬂow dragged by the ionic
stream (36). Nevertheless, in this study, water was found to
have a negligible drift velocity due to the electroneutrality of
water molecules. On average, the dragging forces from pos-
itive and negative ions on water are cancelled out. Lysozyme
carrying positive charges exhibits a slight positive displace-
ment, albeit the magnitude is negligible due to the high mo-
lecular weight. As expected, Ca21 moves at a positive drift
FIGURE 6 (a) Water coordination numbers
of Ca21, Na1, and Cl. (b) Cl coordination
numbers of Ca21 and Na1. The ﬁrst minimum
positions in the radial distribution functions are
indicated by the values in parentheses.
TABLE 2 Water and Cl coordination numbers and
self-diffusivities Dz in lysozyme crystal (Ez ¼ 0) and in
aqueous bulk solution, respectively
Water coordination No. Cl coordination No. Dz (10
9 m2/s)
In
crystal
In
solution
In
crystal
In
solution
In
crystal
In
solution
Ca21 5.95 7.67 1.13 0.16 0.018 1.09
Na1 1.80 3.69 2.24 1.06 0.037 1.13
Cl 4.01 6.17   0.056 1.58
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velocity, and Cl migrates at a negative velocity. See Sup-
plementary Material, Data S1, Movie S1, Movie S2, and
Movie S3 for additional information. Interestingly, Na1, like
Cl, moves at a negative velocity. The electrophoretic mo-
bility of ions is driven by the external electric ﬁeld and is af-
fected by the interactions with protein atoms, the hydration
states, the dragging and resisting forces of neighboring ions,
etc. As a counterbalance to all these complex factors, Cl
moves at a faster negative velocity under the electric ﬁeld. The
driving force of the electric ﬁeld and the dragging force of the
Cl ionic stream create the opposite directions for Na1 and
Ca21. As shown in Fig. 6 b, Na1 interacts with Cl more
strongly than Ca21 and has a larger Cl coordination number.
As a consequence, the Cl ionic stream drags Na1 to ﬂow in a
direction that is opposite to that of the electric ﬁeld. However,
Ca21 is compelled by a stronger electrical force than Na1 and
the Cl coordination number of Ca21 is smaller; as a result,
Ca21 exhibits a positive drift velocity. In other words, the
dragging force by the Cl ionic stream dominates the elec-
trical force for Na1, but the reverse is true for Ca21. Similar
phenomenon was observed by Qiao and Aluru (34,35) for an
electrolyte mixture in a silicon nanochannel under an electric
ﬁeld in which K1 and Cl migrated in the same direction. In
their work, ionic ﬂux was decomposed into two items,
namely, an electrical migration component driven directly by
the electric ﬁeld and a convection component dragged by the
solvent stream. The strong convection component dominated
and resulted in themigration of Cl in the reverse direction. In
a slightly different manner, our results show that the direction
of ion migration can also be reversed by other ions. In our
study, the migration of Na1 is affected by the stream of Cl,
and thus the former migrates along the direction opposite to
the electric ﬁeld.
Electrical conductivity
Measurement of electrical conductivity in protein crystal is
of signiﬁcance for biosensing and ion exchange techniques.
A previous work studied electrical conductivity in a dry
lysozyme crystal with orthorhombic symmetry; the results
showed an Arrhenius relationship between the conductivity
and temperature (37). The movement of trace proton or elec-
tron was shown to dominate the conduction process in dry
crystal, and the conductivity was found to be very low (107
to 109 S/m). In another study, the electrical conductivity was
examined for a tetragonal lysozyme crystal immersed in NaCl
solution (38). In this case, the conductivity was greatly en-
hanced to 102–103 S/m compared to that in dry sample.
Electrical conductivity k can be estimated in two different
ways, separately, from EMD and NEMD simulations. In
EMD simulations, k is obtained from the classical Nernst-
Einstein equation (39) as follows:
k ¼ e
2
kBT
+
i
Dirijqij2ð1 DÞ ¼
F
2
a
RT
+
i
Dicijqij2ð1 DÞ; (5)
where e is the electron charge, T is the absolute temperature,
kB the Boltzmann constant, ri is the number density, ci is the
molar concentration,Di is the self-diffusivity, qi is the charge
of ith species, and D is the cross correlation term that reﬂects
the correlations between different species. Fa is the Farady
constant equal to 9.6485 3 104 C/mol, and R is the gas
constant. In the Nernst-Einstein equation, conductivity is
assumed to be directly proportional to self-diffusivity. The
cross-term D is usually small and can be reasonably ne-
glected. We then estimated the conductivity in the lysozyme
crystal studied here to be 0.61 6 0.05 S/m.
In the NEMD simulation, the electrical conductivity is
obtained from the relationship between the electrical current
and the electric ﬁeld strength. In our study, the current density
Jz along the z axis can be expressed as follows (39):
Jz ¼ Fa+
i
ciqivi;z; (6)
where vi,z is the velocity along the z axis. Within the linear
response range, the zero-ﬁeld conductivity k can be extrap-
olated as follows:
FIGURE 7 MSDs of ions along the z axis from the EMD simulation. The
values for estimated self-diffusivities Dz are shown in parentheses with a
unit of 109 m2/s.
FIGURE 8 Drift velocities of ions, lysozyme, and water along the z axis
as a function of the electric ﬁeld.
4154 Hu and Jiang
Biophysical Journal 95(9) 4148–4156
k ¼ lim
Ez/0
Jz
Ez
: (7)
Fig. 9 shows the current density Jz as the function of the
electric ﬁeld strength. A very good linear relationship is
observed in the range of the electric ﬁeld from our NEMD
simulation. The zero-ﬁeld conductivity k of the system is
estimated as 0.56 6 0.03 S/m, which is close to 0.616 0.05
S/m within the statistical uncertainty determined from the
EMD simulation based on the Nernst-Einstein equation.
CONCLUSIONS
From MD simulations, we have investigated the electropho-
retic ﬂow in a tetragonal lysozyme crystal. With increasing
electric ﬁeld strength, the RMSDs of lysozyme atoms are
enhanced, more hydrophobic residues are exposed to water,
and the secondary structures are slightly destroyed. All these
ﬁndings indicate that the stability of lysozyme is reduced to
some extent by the external electric ﬁeld. The dipole moment
of water in the pore axis increases linearly with the ﬁeld
strength due to the reorientation of water molecules. As a
counterbalance between the favorable interactionwith protein
and the size effect, cations exhibit two pronounced layers
around the lysozyme surface, whereas Cl has only one en-
riched layer. The electric ﬁeld has a negligible effect on the
static and structural properties of ions, such as the number
distributions and coordination numbers. Compared to aque-
ous bulk solution, conﬁnement in the crystal remarkably re-
duces ion mobility. The drift velocities of ions exhibit
approximately a linear relationship with the ﬁeld strength. The
movements of Ca21 and Cl are primarily dominated by the
electric ﬁeld; nevertheless, the Cl ion stream also affects
the movement of Na1 as a consequence of coordination. The
electrical conductivity of the system predicted from theNEMD
and EMD simulations is in good agreement. The simulation
results provide a deeper understanding of the microscopic
behavior of protein, water, and ions under the electric ﬁeld.
This ﬁnding is important to elucidate the fundamental mech-
anism of transport in biomembranes and is useful for the
emerging applications of protein crystals as new biosensors
and bioseparation media.
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